We have previously shown that dairy cows carrying the 'fertil−' haplotype for one quantitative trait locus affecting female fertility located on the bovine chromosome three (QTL-F-Fert-BTA3) have a significantly lower conception rate and body weight after calving than cows carrying the 'fertil+' haplotype. Here, we compared by Tiling Array the expression of genes included in the QTL-F-Fert-BTA3 in 'fertil+' and 'fertil−' adipose tissue one week after calving when plasma non-esterified fatty acid concentrations were greater in 'fertil−' animals. We observed that thirty-one genes were overexpressed whereas twelve were under-expressed in 'fertil+' as compared to 'fertil−' cows (P < 0.05). By quantitative PCR and immunoblot we confirmed that adipose tissue KIRREL mRNA and protein were significantly greater expressed in 'fertil+' than in 'fertil−'. KIRREL mRNA is abundant in bovine kidney, adipose tissue, pituitary, and ovary and detectable in hypothalamus and mammary gland. Its expression (mRNA and protein) is greater in kidney of 'fertil+' than 'fertil−' cows (P < 0.05). KIRREL (mRNA and protein) is also present in the different ovarian cells with a greater expression in granulosa cells of 'fertil+' than 'fertil−' cows. In cultured granulosa cells, recombinant KIRREL halved steroid secretion in basal state (P < 0.05). It also decreased cell proliferation (P < 0.05) and in vitro oocyte maturation (P < 0.05). These results were associated to a rapid increase in MAPK1/3 and MAPK14 phosphorylation in granulosa cells and to a decrease in MAPK1/3 phosphorylation in oocyte. Thus, KIRREL could be a potential metabolic messenger linking body composition and fertility.
Introduction
We have previously shown that primiparous cows carrying 'fertil+' haplotype for one quantitative trait locus affecting female fertility located on the bovine chromosome 3 (QTL-F-Fert-BTA3) had a greater conception rate 35 days after the first artificial insemination than those carrying 'fertil−' haplotype (Coyral-Castel et al. 2011) . This QTL-F-Fert-BTA3, finely mapped , was described to affect early reproductive events (Guillaume et al. 2007) and explained 14% of the total genetic variance .
We observed no differences in ovarian activity (number of follicles and follicular waves, length of estrus cycle) in 'fertil+' and 'fertil−' heifers and cows (CoyralCastel et al. 2011) . However, we have demonstrated that the lower fertility of 'fertil−' females could be partially due to a lowest quality of the oocytes and consequently of pre-implantation embryo development (CoyralCastel et al. 2012) . We have also characterized 'fertil+' and 'fertil−' cows for food intake and eating behavior, milk production, live weight and plasma metabolites during the first lactation. Interestingly, the body weight of 'fertil−' cows in the first eight weeks post partum was significantly lower than 'fertil+' cows (Coyral-Castel et al. 2013) , suggesting a greater fat mobilization in 'fertil−' animals. During early lactation in cow, it is well known that energy expenditures for physiological functions, such as milk production, locomotion, maintenance or reproduction, are greater than the energy provided by feed intake. The maximum dry matter intake is reached about four to ten weeks after peak milk (Coppock 1985) . Therefore, high-yielding dairy cows assume a period of negative energy balance, but its magnitude and duration are quite variable (Butler et al. 1981) . As a result of the energy deficit, body reserves are mobilized (by increased lipolysis) (Bauman & Bruce Currie 1980 , Schröder & Staufenbiel 2006 and cows may lose body weight and body condition. In early lactation, cows may mobilize about 50 kg of lipid (Bauman & Bruce Currie 1980) to support lactation. The use of body reserves accounts energetically for about 33% of the milk produced in the first month of lactation (Bauman & Bruce Currie 1980) . Mobilization of fat results in release of non-esterified fatty acids (NEFA) in blood, which were reviewed as indicators of energy status of ruminants (Bowden 1971) . It is now well established that negative energy balance impact reproductive traits at various levels of the hypothalamo-pituitary-gonadal axis (Beam & Butler 1999 , Roche et al. 2000 , 2009 , Leroy et al. 2008 . Adipose tissue is not only an energy storage organ but it is also able to secrete a number of hormone-like compounds that regulates adipocyte development and metabolic function (Ouchi et al. 2011 ) but also fertility (Campos et al. 2008 , Tersigni et al. 2011 .
In order to better understand the molecular mechanisms involved in the lower fertility and greater fat mobilization of 'fertil−' cows, we compared by Tiling Array the expression of genes included in QTL-F-Fert-BTA3 in the adipose tissue of 'fertil+' and 'fertil−' females one week after calving. We then studied the distribution in bovine tissues of one candidate gene, Kin of IRRE like (Drosophila)-like (KIRREL), significantly greater expressed in 'fertil+' adipose tissue. Finally, we localized KIRREL by immunohistochemistry in bovine ovarian cells and investigated more precisely its in vitro effects on the granulosa cell steroidogenesis and proliferation and oocyte maturation by using recombinant KIRREL. 
Materials and methods

Ethics
Animals
Thirty-six Holstein dairy cows (n = 18 fertil+ and n = 18 fertil− animals), born in 2006, were monitored during their second lactation. Dairy cows were managed in straw-bedded yards and fed ad libitum with a total mixed ration composed of 64.5% maize silage, 10% soybean, 15% concentrate, 10% dehydrated alfalfa and 0.5% calcium oxide (CaO). After each milking, cows were automatically weighed (software RIC version RW1.7). Only the morning live body weight was used for weight analyses, because the afternoon body weight was more variable. Animals were artificially inseminated from 55 to 60 days postpartum 12 h after heat detection with the semen of the same bull. Blood samples were taken from the tail before diet distribution, one week after calving and 5 months of pregnancy (about 7 and 8 months after calving). Plasmas were stored at 20°C until assay. NEFA plasma concentrations were determined by enzymatic colorimetry on a multiparameter analyzer (KONE Instruments Corporation, Espoo, Finland) . Energy balance (EB, expressed in Mcal/day) was calculated one week after calving when the adipose biopsy was performed as described below. It was calculated per week according to the INRA feeding systems as the difference between the energy intake and the energy requirements for maintenance, milk production and pregnancy. According to the INRA system, the daily requirement for maintenance is 1.1 × 0.041 × kg 0.75 , and the requirement for milk production is 0.44 × milk production. EB is expressed in Mcal/day, where kg 0.75 indicates metabolic body weight .
Biopsy of subcutaneous adipose tissue
During the second lactation, biopsies of adipose tissue were collected from the same animals at 1 wkpp (one week postpartum) and 5 mpg (5 months of gestation). Cows were fasted for 12 h before surgery. Anesthesia was induced with injections of 12-14 mg of xylazine i.v. (Rompun; Bayer AG, Leverkusen, Germany) and an injection of 200 mg of lidocaine s.c. (Lurocaïne; Vétoquinol SA, Lure, France). Subcutaneous fat was collected from the dewlap.
Bovine fertility Tiling Array design
The 385 k bovine fertility Tiling Array was designed in both orientations to cover the QTL-F-Fert-BTA3. The sequence containing 3,627,832 nt located from position 9,887,417 to 13,515,249 on Bos Taurus chromosome 3 was got from full genome sequences for Bos taurus as provided by UCSC (bosTau4, Oct. 2007) The fertility Tiling Array was designed and produced by Roche NimbleGen Inc. (Madison, WI, USA). Highly repeated elements in the genome were repeat-masked. Concerning uniqueness, probes having a unique genome sequence match were selected with SSAHA (Ning et al. 2001 ). An isothermal format (T m = 76°C) and probe length constraint between 50 and 75 bp were used for probe synthesis. Each probe overlapped its neighbor by about 40 bases. The arrays were manufactured by maskless array synthesis technology, and the oligonucleotides were synthesized on the arrays by photolithography (Singh-Gasson et al. 1999 , Nuwaysir et al. 2002 . NimbleGen synthesized the oligonucleotide probes in situ using a photo-mediated, maskless process in which the synthesis of each probe is directed by a digital light processor.
The array contained 343,162 50-75-mer oligonucleotides designed on both strands and tiled on average every eleven bases and 45,961 randomly generated probes. All information of bovine fertility Tiling Array platform has been submitted to the Gene Expression Omnibus (GEO) repository, and the accession number is GPL15186. Annotation of probes was obtained by aligning probe coordinates with annotation data from Ensembl database (release 56). The loci are classified into three types: (1) known protein-coding gene, known gene has at least one transcript with a sequence match in a sequence repository external to Ensembl for the same species. (2) Known by projection protein-coding gene, refers to genes that are homologous, based on Ensembl comparative analysis, to genes with known status in another species (usually human genes). Ensembl genebuild transcript and the Vega manual annotation have the same sequence, for every base pair.
Tiling Array data analysis
We developed a new model to perform Tiling Array analysis taking advantage that several probes are available per exon and per gene. The model proposed is a mixed model including a fixed exon and a random probe effects. In this study, our aim was to detect differentially expressed genes between 'fertil+' and 'fertil−' samples. A hierarchical mixed model with an exon within gene effect and a random probe within exon effect has been considered for each gene i(i = 1, …, I). For simplicity, the index i will be omitted here as it is a gene-by-gene model: where α c corresponds to a condition effect with two levels (c = 1.2 for 'fertil+' and 'fertil−'), β j corresponds to an exon effect j within gene i(j = 1, …, n i ) and (αβ) jc is the interaction term between exon and condition. Parameter γ jk corresponds to the probe effect k within exon j(k = 1, …, n j ). The probe effect is assumed to be a random effect such that γ τ In this model, testing for differenally expressed genes is equivalent to testing the null hypothesis H 0 :µ 1 = µ 2 , where µ 1 = µ + α 1 and µ 2 = µ + α 2 for two conditions (c = 1.2 for 'fertil+' and 'fertil−'). Taking into account multiple testing, P values were adjusted by Benjamini-Hochberg's procedure to control the false discovery rate (Benjamini & Hochberg 1995) . This model was applied on two datasets containing annoted probes with gene and exon information: 5822 probes matching to 62 genes and 449 exons in the analysis for the forward strand, and 4379 probes matching to 62 genes and 352 exons for the reverse strand.
Our model could also be used to detect differentially expressed exons and genes with alternative splicing. R functions implementing this model are available upon request from F Jaffrézic. We focused our study on known and known by projection protein-coding genes. Genes were classified according to the Gene Ontology using NCBI, Ensembl, DAVID and the Gene Ontology website (AmiGO release 1.8).
Total RNA extraction
Subcutaneous adipose tissue was sampled at the dewlap of 36 s lactation cows (18 'fertil+' and 18 'fertil−') one week after parturition and at 5 months of pregnancy (16 'fertil+' and 14 'fertil−'), frozen in liquid nitrogen and stored at −80°C until use. Total RNA was extracted on ice from 250 mg of tissue with an ultraturax homogenizer using 8 mL of QIAzol lysis reagent (Qiagen). Chloroform (0.2 mL) was added to each sample. Tubes were waved for 15 s and left at room temperature for 5 min before centrifugation (5000 g, 15 min, 4°C). Each aqueous phase was mixed to equal volume of ethanol 70% (v:v) . Then, total RNA was purified using a RNeasy Midi Kit (Qiagen) according to the manufacturer's recommendations. During purification, a treatment with a RNase-free DNaseI (Qiagen) was performed. After elution with RNase-free water, samples were evaporated without heating during 1.5 h in a Thermo Savant SPD1010 SpeedVac System and stored at −80°C until cDNA synthesis. RNA quantity was assessed with a NanoDrop Spectrophotometer (Nyxor Biotech, Paris, France) and RNA quality with an Agilent 2100 Bioanalyzer using a RNA 6000 Nano assay protocol (Agilent Technologies). The RNA integrity number (RIN) for each RNA sample is shown in the Supplementary Table 1 (see section on supplementary data given at the end of this article).
For RT-PCR, total RNA from bovine tissues (liver, mammary gland, heart, adipose tissue, kidney, pituitary, lung, skeletal muscle, ovary, hypothalamus, small follicles (<6 mm), large follicles (>7 mm), corpus luteum, ovarian cortex and granulosa cells) from slaughterhouse was extracted on ice with an ultraturax homogenizer in TRIzol reagent according to manufacturer's recommendation (Invitrogen by Life Technologies, Villebon sur Yvette, France). A treatment with DNaseI using the DNA-free Kit (Ambion by Life Technologies) was performed on the total RNAs. Total RNA from granulosa cells in culture was extracted using 1 mL of TRIzol reagent by scratching wells. RNA quantity was assessed with a NanoDrop Spectrophotometer.
cDNA synthesis and labeling, array hybridization, washing and scanning
Array hybridation was performed using cDNA of adipose tissue from eighteen animals (nine 'fertil+' and nine 'fertil−') one week after calving that is a stage of intense adipose tissue mobilization. Samples were prepared, labeled and hybridized according to the NimbleGen Arrays User's Guide: Gene Expression Analysis, v3.2. cDNAs were synthesized using an Invitrogen Superscript Double-Stranded cDNA Synthesis Kit (Invitrogen by Life Technologies). They were then purified using a MinElute Reaction Cleanup Kit (Qiagen). Samples were labeled with Cy3 with a NimbleGen One-Color DNA Labeling Kit (Roche NimbleGen, Inc.) . Hybridization solution was prepared from the NimbleGen Hybridization Kit (Roche NimbleGen, Inc.) , and Cy3-labeled samples were hybridized on the 385K array at 42°C for 18 h. Finally, arrays were washed with solutions of the NimbleGen Wash Buffer Kit (Roche NimbleGen, Inc.) . Arrays were scanned with a GenePix 4000B Scanner at 532 nm. Data were extracted with the Roche NimbleScan software (Roche NimbleGen, Inc.) .
Reverse transcription and polymerase chain reaction
Reverse transcription (RT) of total RNA (1 µg) was performed for 1 h at 37°C in a 20 µL mixture as previously described (Coyral-Castel et al. 2010) . Single-strand cDNAs of KIRREL and ACTR3 were amplified with specific primers (Invitrogen by Life technologies, ). PCR was carried out in a previously described mixture (Coyral-Castel et al. 2010) for 30 (ACTR3) or 40 (KIRREL) PCR cycles (1 min at 94°C, 1 min at 58°C, 1 min at 72°C), with a final extension step of 7 min at 72°C. PCR products were visualized in a 1.5% (w:v) agarose gel stained with ethidium bromide. ACTR3 was used as positive control. Finally, DNA was extracted from the agarose gel using the EZNA microelute Gel Extraction kit (VWR, Fontenay-sous-Bois, France) according to the manufacturer's procedure. DNA was sequenced by Beckman Coulter Genomics (Grenoble, France). RT and PCR consumables were purchased from Promega.
Real-time quantitative PCR (qPCR)
Targeted cDNAs were quantified by real-time PCR using SYBR Green Supermix (Bio-Rad) and 250 nM of specific primers (Invitrogen by Life technologies, Table 1) in total volume of 20 µL in a MyiQ Cycle device (Bio-Rad). For adipose tissue, samples from thirty-six animals (n = 18 'fertil+' and n = 18 'fertil−' animals) at 1 wkpp and thirty animals (n = 16 'fertil+' and n = 14 'fertil−' animals) at 5 months of pregnancy were tested in duplicate on the same plate and the CVs was less than 5%. PCR amplification with water, instead of cDNA, was performed systematically as a negative control. After incubation for 2 min at 50°C and a denaturation step of 10 min at 95°C, samples were subjected to 40 cycles (30 s at 95°C, 30 s at 60°C, 30 s at 72°C), followed by the acquisition of the melting curve. Primers' efficiency (E) was performed from serial dilutions of a pool of obtained cDNA and ranged from 1.80 to 2.16. For normalization, the expressions of four housekeeping genes -PPIA (cyclophilin A), RPL19, ACTR3 and EEF1A1 -were examined. For each gene, expression was calculated according to primer efficiency and Cq: expression = E −Cq . These four housekeeping genes showed expressional changes between «fertil+» and «fertil−» tissues or cells. Therefore, the data were normalized to the geometric mean of PPIA and EEF1A1 (the most stable combination) following the report that suggests the geometric mean of multiple housekeeping genes as an accurate normalization factor (Vandesompele et al. 2002) . Table 1 Oligonucleotide primer sequences.
Primer name
Primer sequence Accession number
Granulosa cell collection and primary culture
Bovine ovaries were collected at the slaughterhouse and transported in physiological saline up to the laboratory. Granulosa cells were isolated by puncturing small follicles (<6 mm) in McCoy's 5A culture medium enriched with bovine serum albumin (BSA 0.1% (w:v), Euromedex, Souffelweyersheim, France), l-glutamine (3 mM, Eurobio, Courtaboeuf, France), penicillin (100 IU/mL, PAA Laboratories, Les Mureaux, France), streptomycin (0.1 mg/mL, PAA Laboratories), Hepes (20 mM pH = 7.6), bovine apo-transferrin (5 µg/mL, Sigma-Aldrich) and androstenedione (0.1 µmol/L, Sigma-Aldrich). Cells were centrifuged at 200 g for 5 min, washed with fresh enriched McCoy's 5A and the pellet was resuspended in enriched McCoy's 5A supplemented with 10% (v:v) fetal bovine serum (FBS, PAA Laboratories) and amphotericin B (5 µg/mL, PAA Laboratories). Approximately 2 × 10 5 live cells were seeded per well of a 24-well culture plate. After 24 h of culture, cells were serum starved for 18 h before treatment with a recombinant mouse (rm) KIRREL (R&D Systems), human recombinant IGF1 (Sigma) and/or ovine recombinant FSH (NIDDK, NIH). Cultures were performed at 37°C in a humidified air containing 5% CO 2 .
Cell viability
Cell viability was determined by Blue Trypan staining. Live (normal cells) and dead cells (blue cells) were counted using a hemocytometer.
Thymidine incorporation into granulosa cells
After 18 h of serum starvation, culture medium was removed, and 1 µCi/mL of [ 3 H]-thymidine (Perkin-Elmer) was added in the presence or absence of rm KIRREL (10 ng/mL or 100 ng/mL) in enriched McCoy's 5A. After 24 h of culture, excess of thymidine was removed by washing cells twice using PBS 1×. Then, cells were fixed using cold 50% (v:v) trichloroacetic acid for 10 min and lysed by 0.5 M NaOH. The radioactivity was determined in scintillation fluid by counting in a β-photomultiplier. The values, expressed as count per min (cpm), are representative of five independent cultures with each condition in quadruplate.
Progesterone and oestradiol assay
Granulosa cells were cultured for 48 h, after 18 h of serum starvation, in the presence or absence of rm KIRREL (10 ng/mL or 100 ng/mL), IGF1 (10 −8 M) and/or FSH (10 −8 M) in enriched McCoy's 5A. The concentration of progesterone and oestradiol in the culture medium was measured by a radioimmunoassay protocol as previously described (Tosca et al. 2005) . The limit of detection of progesterone was 12 pg/tube, and the intra-and inter-assay coefficients of variation were less than 10% and 11%, respectively. The limit of detection of oestradiol was 25 pg/ tube and the intra-and inter-assay coefficients of variation were less than 12% and 10%, respectively. Results were expressed as the concentration of steroids/cell protein concentration/ well. Results are presented as mean ± s.e.m. of four independent cultures, in which each condition was analyzed in quadruplate.
Protein extraction and Western blot
Lysates of tissues (adipose tissue and kidney) or cells were prepared on ice with an ultraturax homogenizer (tissues) or by scratching wells (primary-cultured cells) in lysis buffer as previously described (Coyral-Castel et al. 2010) . Proteins extracts (80 µg) were denaturated, submitted to electrophoresis in a 12% (w:v) SDS-polyacrylamide gel, transferred onto nitrocellulose membrane and incubated with specific antibodies as previously described (Coyral-Castel et al. 2010) . Rabbit polyclonal antibodies to AKT1, phospho-PRKAA (Thr172), PRKAA, phospho-MAPK1/3 (Tyr204/Thr202) and phospho-MAPK14 (Thr180/Tyr182) were purchased from Cell Signalling Technology (Ozyme, Saint Quantin en Yveline, France). Rabbit polyclonal antibodies to phospho-AKT1 (Ser473), MAPK1, MAPK14 and KIRREL were obtained from Santa Cruz Biotechnology (Euromedex). Mouse monoclonal antibodies to vinculin (VCL) and PCNA (proliferating cell nuclear antigen) were purchased from Sigma-Aldrich and Ozyme, respectively. Antibodies were used at 1:1000. Horseradish peroxidase-conjugated anti-rabbit and antimouse IgG were purchased from Eurobio (Les Ulis, France). Proteins were detected by enhanced chemiluminescence (Western Lightning Plus-ECL, Perkin-Elmer) using a G:Box SynGene (Ozyme) with the GeneSnap software (release 7.09.17). Signals detected were quantified with the GeneTools software (release 4.01.02). The results are expressed as the intensity signal in arbitrary units after normalization allowed by the presence of MAPK3, MAPK14, AKT1, PRKAA total (for MAPK1/3, MAPK14, AKT1 and PRKAA phosphorylation, respectively) and vinculin (for KIRREL) as an internal standard.
Immunohistochemistry
Bovine ovaries embedded in paraffin were serially sectioned at a thickness of 7 µm. Immunohistochemistry was performed as previously described (Tosca et al. 2005) . Sections were incubated overnight with antibodies against KIRREL (1:100, Santa Cruz Biotechnology) or rabbit IgG as negative controls. Ovaries from 3 different cows were studied.
Bovine oocyte collection and in vitro maturation
Bovine ovaries were collected from a slaughterhouse in sterile NaCl solution and maintained at 37°C until aspiration. The cumulus-oocyte complexes (COCs) were aspirated from follicles 3 to 8 mm in diameter using an 18-gauge needle connected to a sterile test tube and to a vacuum line (100 mmHg) as previously described (Reverchon et al. 2014) . COCs were then selected under a dissecting microscope. Expanded or nonintact COCs were eliminated: only intact COCs were washed in TCM Hepes 199 (Sigma) supplemented with 0.4% BSA and gentamycine (2.5 mL/L) under mineral oil (Sigma). The COCs were cultured in TCM 199 (Sigma) with 4 mg/mL BSA supplemented or not with different concentrations of rm KIRREL (10 and 100 ng/mL) for 22 h at 39°C in 5% CO 2 in air with saturated humidity. Each oocyte group contained at least 50 oocytes. After maturation, COCs were denuded by pipetting with 0.5% hyaluronidase (Sigma), and the DNA was colored with Hoechst before mounting.
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Statistical analysis
All statistical analyses were conducted using the SAS software (SAS Institute INC, 2009). The MIXED procedure for linear mixed models was used to determine the changes of: (i) the live body weight, (ii) the energy balance, (iii) the plasma NEFA concentrations and (iv) adipose tissue KIRREL expression. The initial model included time after calving (1 wkpp, 5 mpg), haplotype (fertil+, fertil−) and time after calving × haplotype interaction. The amount of protein content of KIRREL in adipose tissue, kidney, granulosa cells and various tissues (kidney, hypothalamus, pituitary and mammary), the KIRREL mRNA expression in various ovarian compartments and in granulosa cells, the effect of rm KIRREL on progesterone and oestradiol secretion by bovine granulosa cells in basal state or in response to IGF1 and FSH, the effect of rm KIRREL on the amount of 3 H thymidine incorporated into granulosa cells and on the amount of PCNA, the amount of oocyte at the GV stage and the progesterone concentration in the in vitro maturation medium and the level of phospho-MAPK1/3 in oocyte were assessed using one-way ANOVA. Numerical data are expressed as means ± s.e.m., and results were considered statistically significant at P < 0.05.
Results
NEFA plasma concentrations, energy balance and live body weight of animals
One week after calving, 'fertil+' cows (n = 18) had significant lower concentrations of plasma NEFA than 'fertil−' cows (n = 18; 860.6 ± 105.4 µmol/L vs 1247.0 ± 72.7 µmol/L, respectively, P < 0.05, Fig. 1A ) and a greater energy balance (−10.8 ± 0.7 Mcal/day vs −14.4 ± 0.6 Mcal/day, respectively, P < 0.05, Fig. 1B ) and live body weight (666.1 ± 19.6 kg vs 610.2 ± 0.7 kg, respectively, P < 0.05, Fig. 1C ), suggesting a greater adipose tissue mobilization in 'fertil−' than in 'fertil+' cows. At 5 months of gestation (mpg) during reconstitution of body reserves, plasma NEFA, energy balance and live body weight were not significant between 'fertil+' and 'fertil−' animals (n = 16 'fertil+' and n = 14 'fertil−') ( Fig. 1) .
Tiling Array
To better investigate this difference in mobilization, total adipose tissue RNA from nine 'fertil+' and nine 'fertil−' was extracted, reverse transcribed, labeled and hybridized on a 385K array containing the sequence of the QTL-F-Fert-BTA3. We observed that 43 known genes were differentially expressed in adipose tissue of 'fertil+' and 'fertil−' cows (P < 0.05, Table 2 ). Thirtyone genes were overexpressed in 'fertil+' adipose tissue as compared to 'fertil−' cows, with fold change ('fertil+'/'fertil−') ranging from 1.0345 to 1.6612 (Table 2 ). Twelve were under-expressed in 'fertil+' adipose tissue, with fold change varying from 0.7694 to 0.9714 (Table 2) . Genes under-expressed in 'fertil+' adipose tissue were mainly olfactory receptors (10 on 12 genes, Table 2 ). We then selected about 10 genes represented in bold in Table 2 that had the highest fold change to perform expression analysis by quantitative PCR using specific primers ( Fig. 2A and in a good agreement with the Tiling Array results, adipose tissue KIRREL expression was significantly greater expressed in 'fertil+' than in 'fertil−' in the first week post partum (P = 0.005). This difference was also observed at the protein level by immunoblot ( Fig. 2B , P = 0.023). On the contrary, the mRNA expression of adipose tissue KIRREL was similar between the two haplotypes at 5 months of pregnancy ( Fig. 2A) , when animals were not in negative energy balance. Moreover, we noted that in 'fertil+' but not in 'fertil−' adipose tissue, the mRNA expression of KIRREL was significantly decreased between one week after calving and 5 months of pregnancy (P = 0.04).
Expression of KIRREL in bovine tissues
KIRREL (also called NEPH1) expression has been studied in human and mouse tissues, which demonstrated it to be highly expressed in kidney (Donoviel et al. 2001) . However, the mRNA or protein distribution of KIRREL has never been investigated in bovine tissues. By RT-PCR, as shown in Fig. 3A , KIRREL was strongly detected in bovine adipose tissue, kidney, pituitary and ovary and less abundantly in mammary gland and hypothalamus.
We then compared the expression of KIRREL mRNA by quantitative PCR in kidney, hypothalamus, pituitary and mammary gland of 'fertil+' and 'fertil−' cows slaughtered after their third or fourth lactation. As showed in Fig. 3B , kidney KIRREL mRNA expression was about two-fold greater expressed in 'fertil+' than in 'fertil−' cows (P < 0.05). However, the relative expression of this gene was similar between the two haplotypes in hypothalamus, pituitary and mammary gland (Fig. 3B) . By immunoblot, we confirmed at the protein level the greater expression of KIRREL in the kidney of 'fertil+' cows (P < 0.05, Fig. 3C ).
Expression of KIRREL in bovine ovary
As shown in Fig. 3A , KIRREL is expressed in bovine ovary. So, we examined more precisely its expression in the various compartments of the ovary. By RT-PCR, we showed that KIRREL mRNA was present in thecainterstitial cells from small and large follicles (SF and LF), corpus luteum (CL), cortex (Ctx) and granulosa cells of small and large follicles (GC SF and GC LF, Fig. 4A ). By qPCR, we have observed that KIRREL was significantly greater expressed in granulosa cells from large follicles as compared to the other ovarian compartments or cells (P < 0.02, Fig. 4B ). As showed in Fig. 4C , we confirmed the presence of KIRREL protein by immunohistochemistry in the ovarian follicle. More precisely, KIRREL was localized in theca and granulosa cells, oocyte, cumulus cells and follicular fluid. We then compared the expression of KIRREL mRNA by qPCR in granulosa cells from SF of 'fertil+' and 'fertil−' cows slaughtered after their third or fourth lactation. As shown in Fig. 4D , KIRREL mRNA expression in granulosa cells from SF was about twelvefold greater expressed in 'fertil+' than in 'fertil−' cows (P < 0.002). We next performed primary culture of bovine granulosa cells from SF collected from random cows and determined whether the two main hormones involved in the folliculogenesis, FSH and IGF1, were able to regulate mRNA expression of KIRREL. Treatment with FSH (10 −8 M) and IGF1 (10 −8 M) alone or combined for 24 or 48 h did not affect KIRREL expression as determined by qPCR in cultured bovine granulosa cells (data not shown).
Effect of rm KIRREL on primary bovine granulosa cell steroidogenesis and proliferation
In order to elucidate the effects of KIRREL in bovine granulosa cells, we in vitro incubated these cells with commercial recombinant mouse KIRREL (rm KIRREL) that shares more than 98% identity with bovine KIRREL. Primary bovine granulosa cells were cultured for 48 h in serum-free medium supplemented with either different concentrations of rm KIRREL (1, 5, 10 or 100 ng/mL) or with or without rm KIRREL (10 ng/mL) in the presence or absence of IGF1 (10 −8 M) or FSH (10 −8 M). As shown in Fig. 5A and B, rm KIRREL reduced in a dose-dependent manner (1-100 ng/mL) the basal progesterone and oestradiol secretion in the culture medium (P < 0.05) as determined by RIA. As expected, the progesterone and oestradiol secretion was significantly increased by IGF1 and FSH ( Fig. 5C and D) compared to the basal state (P < 0.01). However, no significant effect of rm KIRREL at the 10 and 100 ng/mL (data not shown) concentrations was observed on IGF1-or FSH-induced progesterone or oestradiol secretion by primary bovine granulosa cells ( Fig. 5C and D) . We also investigated whether rm KIRREL affected the basal proliferation of primary bovine granulosa cells. We measured the [ 3 H]-thymidine incorporation into cells after 24 h of culture in the presence or absence of different concentrations of rm KIRREL (1, 5, 10 and 100 ng/mL). We observed that rm KIRREL significantly decreased basal proliferation of granulosa cells, in a dose-dependent manner ( Fig. 6A , P < 0.04). These results were confirmed by evaluating the PCNA level by Western blotting (Fig. 6B) . However, all these data were observed without any effects of rm KIRREL (10 and 100 ng/mL for 24 h and 48 h) on the viability of primary bovine granulosa cells as determined by trypan blue incorporation (data not shown).
Effect of rm KIRREL on various signaling pathways in primary bovine granulosa cells
In the literature, KIRREL (NEPH1) has been described to modulate intracellular signaling pathways (Harita et al. 2008) . Thus, we studied the effects of rm KIRREL on various signaling pathways in primary bovine granulosa cells. rm KIRREL (100 ng/mL) was added to the medium culture for different times (0-60 min), and we analyzed the protein pattern of MAPK1/3, AKT1, PRKAA and MAPK14 phosphorylation. As shown in Fig. 7A , rm KIRREL led to a significant rapid and transient increase of the MAPK1/3 phosphorylation after 5 min of stimulation (P = 0.0056). In the same way, rm KIRREL has rapidly increased MAPK14 phosphorylation from 1 to 5 min of treatment (P < 0.05, Fig. 7B ). Conversely, rm KIRREL did not affect AKT1 and PRKAA phosphorylation (data not shown). 
Effect of rm KIRREL on the nuclear maturation and MAPK1/3 phosphorylation of bovine oocytes in COCs and progesterone secretion by bovine COCs during in vitro maturation
We also studied the effects of different concentrations of rm KIRREL on the meiotic progression of bovine oocytes in COCs during in vitro maturation (IVM). After 22 h of culture in IVM medium, about 90% of oocytes had progressed to the metaphase II stage, with less than 10% remaining at the germinal vesicle (GV) stage (Fig. 8A) . Conversely, if COCs matured for 22 h in IVM medium supplemented with 10 or 100 ng/mL of rm KIRREL, 40-45% of oocytes remained at the GV stage (Fig. 8A) . Thus, rm KIRREL treatment of COCs during IVM resulted in meiotic arrest. We studied the molecular mechanisms involved in the effects of rm KIRREL on the nuclear maturation of bovine oocytes in COCs by determining the MAPK3/1 phosphorylation in the presence or absence of rm KIRREL (10 and 100 ng/mL) in COCs allowed to mature in vitro for 22 h. As shown in Fig. 8B , the level of MAPK3/1 phosphorylation increased in the oocyte from COCs during IVM and the addition of rm KIRREL (10 and 100 ng/mL) to the maturation medium for 22 h significantly decreased MAPK3/1 phosphorylation. We also observed that the addition of rmKIRREL to the maturation medium for 22 h significantly decreased progesterone secretion in COCs (Fig. 8C) .
Discussion
In the present study, we reported by using Tiling Array that 'fertil−' cows, exhibiting greater plasma NEFA concentrations one week after calving, had 43 genes coding for known proteins differentially expressed in adipose tissue compared to 'fertil+' animals. More precisely, thirty-one genes were overexpressed, whereas twelve were under-expressed in 'fertil+' compared to 'fertil−' cows. We confirmed by RT-qPCR and immunoblot that KIRREL was significantly greater expressed in 'fertil+' adipose tissue compared to 'fertil−' animals. We showed that KIRREL is mainly expressed in bovine kidney, adipose tissue, ovary and pituitary and less abundantly in hypothalamus and mammary gland. Interestingly, we observed that KIRREL mRNA expression in kidney was significantly greater expressed in 'fertil+' compared to 'fertil−' animals. In ovary, we have shown for the first time that KIRREL was expressed in various ovarian cells including oocyte, granulosa and theca cells and its mRNA expression was significantly greater in the granulosa cells of 'fertil+' compared to 'fertil−' cows. By using recombinant protein, we have demonstrated that KIRREL was able to decrease in vitro progesterone secretion and proliferation not only in granulosa cells but also in vitro oocyte maturation suggesting that this protein could be a potential metabolic messenger linking metabolism, body composition and fertility. We have previously shown that Holstein cows selected for their homozygous favorable ('fertil+') haplotype at one QTL of female fertility located on the chromosome 3 (QTL-F-Fert-BTA3) had a 31% and 26% greater success rate at 35 and 90 days after the first artificial insemination, respectively, compared to the unfavorable ('fertil−') haplotype (Coyral-Castel et al. 2011) . Furthermore, we have observed slower oocyte maturation dynamics after in vivo maturation and lower blastocyst quality after in vitro embryo development in 'fertil−' compared to 'fertil+' heifers (Coyral-Castel et al. 2012) . In addition to fertility problems, we have shown that 'fertil−' cows had a lower body weight in the first eight weeks after calving than 'fertil+' cows and a more negative energy balance in the first week post partum, suggesting a greater fat mobilization in this haplotype (Coyral-Castel et al. 2013) . In the present study, we confirmed this hypothesis since plasma NEFA concentration was significantly greater in 'fertil−' compared to 'fertil+' cows one week after calving. In order to determine if this difference in fat mobilization between the two haplotypes could contribute to explain the difference in fertility, we compared the expression of genes located in the QTL-F-Fert-BTA3 by Tiling Array in the adipose tissue of the two haplotypes. Various studies indicate that body fat content is associated with changes in reproductive performance (Randel 1990 , Dunn & Moss 1992 , although the pathway which mediates such effects has not been clearly established. Some evidence suggests in vivo and in vitro that adipokines regulate the hypothalamus-pituitary-ovary axis in mammals including bovine species (Spicer et al. 1993 , Williams et al. 2002 , Maillard et al. 2010 . In the present study, we have shown that 43 genes coding known proteins out of 124 genes on the array were differentially expressed in adipose tissue between the two haplotypes. Indeed, 31 genes were overexpressed, whereas 12 were under-expressed in 'fertil+' compared to 'fertil−' cows. However, the ratios obtained were low (less than 2) even though difference was statistically significant. One explanation of this result is that several probes were available per exon and per gene on the array. We performed qPCR on 10 genes that had the highest fold change. Unfortunately, we significantly confirmed the results of Tiling Array for only one gene, named KIRREL (kin of IRRE like) also known as NEPH1. KIRREL is significantly overexpressed in adipose tissue of 'fertil+' compared to 'fertil−' cows one week after calving. Similar tendency was observed for two other genes (CADM3, P = 0.069 and SLAMF6 P = 0.08). These data clearly indicate that the two techniques (Tiling Array and qPCR) do not have the same sensitivity, mainly due to the design of the array. KIRREL is a member of the nephrin-like protein family, which also includes KIRREL2 and KIRREL3. It is a molecule identified in mice by a retrovirus-mediated mutagenesis screen (Donoviel et al. 2001) . KIRREL contains five extracellular immunoglobulin-like domains and is structurally related to nephrin. In human and rodents, KIRREL is abundantly expressed in the kidney but also found in some reproductive organs such as brain, placenta and testis (Donoviel et al. 2001 , Beall et al. 2005 . However, the presence of KIRREL in the ovary or pituitary had never been investigated. In bovine tissues, we have detected KIRREL mRNA expression in kidney, adipose tissue, ovary and pituitary and less abundantly in hypothalamus and mammary gland. Interestingly, we have shown a greater mRNA and protein expression of KIRREL in 'fertil+' kidney compared to 'fertil−' cows. In mice, the disruption of the NEPH1 gene results in effacement of glomerular podocytes, heavy proteinuria and early postnatal death (Donoviel et al. 2001) . and 100 ng/mL). The percentage of oocytes at the GV stage in the various conditions is shown. Different letters indicate significant differences with P < 0.05. The results are presented as mean ± s.e.m. of three independent experiments. Fifty bovine oocytes for each set of conditions in each experiment were used. (B) Bovine COCs were cultured for 22 h in maturation medium in the presence or absence of rm KIRREL (1, 10 and 100 ng/mL). COCs were then mechanically separated into oocyte and cumulus cells. Denuded oocytes (50 oocytes per lane) were lysed and subjected to Western blot analysis with antibodies against phospho-MAPK3/1 and MAPK3. Representative blots from three independent experiments are shown. Blots were quantified, and the phosphorylated protein to total protein ratio is shown. Different letters indicate significant differences with P < 0.05. The results are presented as means ± s.e.m. (C) Bovine COCs were cultured for 22 h in maturation medium in the presence or absence of various doses of rm KIRREL (1, 10, and 100 ng/mL). The culture medium was then collected, and its progesterone content was analyzed by RIA as described in 'Materials and methods' section. The results are expressed as ng/mL of 50 COC-equivalent cumulus cells. The results are means ± s.e.m. for three independent experiments. Different letters indicate significant differences with P < 0.05.
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Thus, KIRREL plays a pivotal role for the development and maintenance of the filtration barrier in the kidney (Donoviel et al. 2001 , Neumann-Haefelin et al. 2010 .
In a previous work, we have observed that the plasma concentrations of urea were significantly greater in 'fertil+' compared to 'fertil−' cows (unpublished data) suggesting that the greater KIRREL expression in the kidney of 'fertil+' could explain a better renal glomerular filtration in this haplotype. In bovine ovary, we detected KIRREL in different cells including granulosa and corpus luteum cells. As in adipose tissue one week after calving and in kidney, we have shown a greaterr expression of KIRREL in granulosa cells from 'fertil+' compared to 'fertil−' cows. The function of KIRREL in extra renal organ systems is almost unknown. Recent studies revealed that mammalian KIRREL proteins have similar cell-cell recognition functions. Furthermore, KIRREL has been shown to interact with Nephrin and Tight junction protein zona occludens-1 (ZO-1) (Huber et al. 2003 , Liu et al. 2003 . ZO-1 is a protein located on a cytoplasmic membrane surface of intercellular tight junctions. It interacts with the gap junction protein connexin43 (Giepmans & Moolenaar 1998) . Thus, KIRREL could be involved in the cell adhesion and in the signal transduction at cell-cell junctions. In this way, KIRREL could contribute to the greater fat mobilization in adipose cells of 'fertil−' compared to 'fertil+' cows. In order to determine the function of KIRREL in the bovine granulosa cells, we isolated primary granulosa cells and incubated them with different concentrations of recombinant KIRREL protein. KIRREL is known to associate Nephrin and ZO-1 and these complexes are found in lipid rafts (Schwarz et al. 2001) , a microdomain that consists of assemblies of sphingolipids and cholesterol in the outer leaflet of the plasma membrane. In our study, we have observed that recombinant KIRREL was able to increase rapidly MAPK1/3 and MAPK14 phosphorylation and to decrease progesterone and oestradiol secretion suggesting that rm KIRREL is active in bovine cultured granulosa cells. Recently, KIRREL has been considered as a signaling molecule. It has a cytoplasmic domain that contains a large number of tyrosine residues. These residues can be phosphorylated by a Src family tyrosine kinase, Fyn (Verma et al. 2003 ) that has been described in rat granulosa cells (Wayne et al. 2007 ). Once tyrosine is phosphorylated, KIRREL is able to modulate intracellular signaling by binding to Grb2 (Harita et al. 2008) . Grb2 is a cytosolic adaptor involved in the MAPK1/3 signaling pathways. Thus, KIRREL could activate MAPK3/1 signaling pathways through the tyrosine kinase, Fyn, in bovine granulosa cells. In the present work, we have observed that recombinant KIRREL protein decreases steroid secretion. Various studies have showed that MAPK3/1 positively regulates progesterone production by granulosa cells in different species (Gyles et al. 2001 , Tosca et al. 2005 . Thus, it is likely that the inhibitory effect of KIRREL on the progesterone secretion is not mediated by MAPK3/1 in cultured bovine granulosa cells. The involvement of MAPK14 remains to be determined. This pathway has been described to be involved in the differential regulation of steroidogenesis in rat granulosa cells (Yu et al. 2005) . In the present study, we have also shown that rm KIRREL decreases in vitro bovine oocyte maturation probably through an inhibition of progesterone secrection by COCs. We observed that KIRREL mRNA expression is greater in vivo in granulosa cells of 'fertil+' compared to 'fertil−' cows, but we showed that recombinant KIRREL decreases in vitro steroid production in bovine granulosa cells and oocyte maturation. So, KIRREL might not explain the better fertility in 'fertil+' as compared to 'fertil−' animals through its effects on the granulosa cells or oocyte. We have previously shown that progesterone secretion by cultured granulosa cells in basal state or in response to FSH or IGF1 was similar between 'fertil+' and 'fertil−' heifers submitted to ovarian stimulation (Coyral-Castel et al. 2012 ). Thus, it will be interesting to know the role of KIRREL in vivo in ovarian functions in the bovine species.
In conclusion, we have shown that dairy cows selected for one QTL-F-Fert-BTA3, exhibiting difference in fertility, also had a difference in fat mobilization one week after calving and a differential expression of adipose tissue genes located in the QTL as determined by Tiling Array. Among these genes differentially expressed by Tiling Array, we confirmed the results at both mRNA and protein level for one gene named KIRREL. This gene highly is expressed in granulosa cells and could be involved in the interactions between metabolism and reproduction and could explain some infertilities in dairy cows.
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